Lactobacillus casei cells grown in the presence of limiting folate contained large amounts of a membrane-associated binding protein which mediates folate transport. Binding to this protein at 4°C was time and concentration dependent and at low levels (1 to 10 nM) of folate required 60 min to reach a steady state. The apparent dissociation constant (Kd) for folate was 1.2 nM at pH 7.5 in 100 mM Kphosphate buffer, and it varied by less than twofold when measured over a range of pH values (5.5 to 7.5) or in buffered salt solutions of differing ionic compositions. Conversely, removal of ions and their replacement with isotonic sucrose (pH 7.5) led to a 200-fold reduction in binding affinity for folate. Restoration of the high-affinity state of the binding protein could be achieved by the readdition of various cations to the sucrose medium. Kd measurements over a range of cation concentrations revealed that a half-maximal restoration of binding affinity was obtained with relatively low levels (10 to 50 ,uM) of divalent cations (e.g., Ca2, Mg2+, and ethylenediammonium2+ ions). Monovalent cations (e.g., Na+, K+, and Tris+) were also effective, but only at concentrations in the millimolar range. The Kd for folate reached a minimum of 0.6 nM at pH 7.5 in the presence of excess CaCl2. In cells suspended in sucrose, the affinity of the binding protein for folate increased 20-fold by decreasing the pH from 7.5 to 4.5, indicating that protons can partially fulfill the cation requirement. These results suggest that the folate transport protein of L. casei may contain both a substrate-and cation-binding site and that folate binds with a high affinity only after the cation-binding site has been occupied. The presence of these binding sites would support the hypothesis that folate is transported across the cell membrane via a cation-folate symport mechanism.
Folate and structurally related compounds are transported into Lactobacillus casei via a single, high-affinity system which is regulated by the level of folate in the growth medium (3, 5, 10, 12) . The process is energy dependent and can be classified as active since free folate can accumulate within the cells to levels that exceed the extracellular concentration by several thousandfold (7) . The energy source for transport has been suggested from inhibitor studies to be an energy-rich phosphate compound, rather than a proton gradient or membrane potential generated by an energy-transducing ATPase (7) . The transport system comprises at least two cellular components, a specific folate-binding protein (5, 6, 9) and a second factor that is also required for the transport of thiamine and biotin (8) . The binding protein has been solubilized from the membrane and purified to homogeneity (6, 9) . Distinguishing features of the binding protein are that it is present in relatively large amounts and can be easily quantitated in both intact cells and membrane preparations (5, 9) . In the present study, cells depleted of energy reserves to prevent substrate transport (7) were employed to examine the interaction of folate with the binding protein. It was observed that the ability of the protein to bind folate is highly dependent upon the presence of cations in the external medium. (7) . In the present study, the initial binding step was examined in the absence of substrate transport by performing the measurements at low temperature (5, 9) and by employing cells depleted of energy reserves (7) . The rate offolate binding to energy-depleted cells (at 4°() is shown in Fig. 1 When folate-binding activity at the steady state (60 min, 4°C) was measured over a range of folate concentrations, the results shown in Fig. 2 were obtained. The ability to bind folate was a saturable process, and from a double-reciprocal plot of the data (inset, Fig. 2 observed in cells suspended in 250 mM sucrose (Fig. 3) . In the latter case, the Kd for folate exhibited a minimum at the lowest pH tested (4.5) and increased at higher pH values.
Cation dependence for folate binding. The data in Table 1 show that the binding protein of cells suspended in sucrose, which exhibits a low affinity for folate, can be restored to a highaffinity state by the addition of 100 mM KCI. To assess the concentration dependence of this change in affinity, Kd values for folate were measured in the presence of various amounts of added KCl. It was observed (Fig. 4) and in sucrose plus 4 mM CaCiZ(Kd= 0.6 nM).
The data in Fig. 4 show that Cae+ and Mg2epro-duced this half-maximal increase in affinity at concentrations of 14 and 50 FM, respectively, whereas the level of K+ required to exhibit the same half-maximal effect was 10 mM. From Kd measurements as a function of cation concentration (Fig. 4) (Fig. 4) (5, 6, 9) . This protein is an unusually hydrophobic, integral membrane component (5, 6, 9) , and thus is probably also the carrier offolate into the cell. The high affinity of this protein for folate (Kd = 1 nM) allows the cells to bind the vitamin when it is present in trace amounts in the environment, although this efficient binding step is partially offset by the exceedingly slow rate of folate transport (0.8 molecules per min per binding site at 30°C). The folate transport system of L. casei thus conforms to an emerging pattern that transport proteins with a high affinity for a given substrate mediate substrate transport at a relatively slow rate (14) . This property may be related to the difficulty of unloading substrates from high-affinity carrier proteins when their binding sites are exposed to the inner membrane surface (13) .
The folate transport protein of L. casei exhibits a relatively usual property; it can be quantitated in intact cells without the complication of substrate transport into the cell interior. The ability to separate binding from transport has been possible because of a combination of various properties of this system. Of primary importance is the fact that the binding protein is present in large amounts per cell (5, 6, 9) and exhibits a very high affinity for folate ( Fig. 2 and Table 1 ). This enables binding measurements to be performed under conditions in which the specific association of substrate with the cells is usually 10-fold greater than the nonspecific component. Moreover, with this high level of binding activity, the potential contribution by an energy-independent equilibration of folate across the membrane would be negligible (less than 1% relative to total uptake) at the extracellular folate concentrations (1 to 50 nM) employed in these binding measurements. The second major factor has been the ability to block the energy-dependent transport of folate by lowering the temperature to 4°C (5) and by using cells depleted of energy reserves (7) . This lack of folate transport is indicated in the present study (Fig. 1) by the absence of a time-dependent uptake component subsequent to the initial binding step. A close correlation has also been established between the folate-binding activity in intact cells and the amount of Triton-extractable binding protein (5) .
Measurements in the present study have demonstrated that the folate transport protein exhibits a high and relatively constant affinity for folate when the cells are suspended in buffers of various pH values (Fig. 3) and ionic compositions (Table 1) . Conversely, removal of ions and their subsequent replacement with isotonic sucrose leads to a substantial reduction (200-fold at pH 7.5) in substrate-binding affinity (Table 1 and Fig. 3 ). The protein is not irreversibly denatured under these conditions since the high-affinity state can be restored by the readdition of various ions to the medium. A comparison of the chloride salts of various cations showed that the restoration process is specific for cations and that divalent cations such as Ca2", Mg2+, and the ethylenediammonium2+ ion are effective at 100-fold-lower concentrations than K+, Na+, or other monovalent cations (Table 2 and Fig. 4) . A variety of divalent cations were shown to be similar in their ability to promote folate binding, suggesting that the activation process is depen-VOL. 1SO, 1982 on July 6, 2017 by guest http://jb.asm.org/ dent primarily upon the charge and not the size of cations. It is concluded from these results that cations may have a direct role in the binding and thus also the transport of folate into L. casei.
A possible role for cations in folate transport could be to maintain electroneutrality during the uptake process. Folate compounds and other divalent anions must enter bacterial cells against a substantial membrane potential (interior negative). The latter exceeds -150 mV in both L. casei (7) and other bacterial cells (1, 2, 11) and thus would represent a force which could potentially prevent folate compounds from crossing the cell membrane. One method for neutralizing the effect of the membrane potential would be to mediate an obligatory exchange of intracellular folate compounds for intracellular anions of equal charge, a process that has been suggested to occur in L1210 mouse cells (4) . Electroneutrality could also be maintained by the simultaneous uptake of folate along with either a divalent cation or two monovalent cations. In molecular terms, this could be achieved if the carrier protein had functional binding sites for both folate and cations. If the latter occurs in L. casei, then the role of cations in folate uptake would presumably be restricted to balancing charge movement across the membrane and would not extend to the energy-coupling step since this transport system does not appear to be driven by an ion gradient (7) . Protons can promote folate binding at low pH (Fig. 3) , although the binding preference for other cations would suggest that proton-folate cotransport does not occur to a significant extent even at pH 4.5. 
